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Abstract
Transgenic tomato plants (Solanum lycopersicum L.) with reduced mRNA levels of AUXIN RESPONSE FACTOR 7
(SlARF7) form parthenocarpic fruits with morphological characteristics that seem to be the result of both increased
auxin and gibberellin (GA) responses during fruit growth. This paper presents a more detailed analysis of these
transgenic lines. Gene expression analysis of auxin-responsive genes show that SlARF7 may regulate only part of
the auxin signalling pathway involved in tomato fruit set and development. Also, part of the GA signalling pathway
was affected by the reduced levels of SlARF7 mRNA, as morphological and molecular analyses display similarities
between GA-induced fruits and fruits formed by the RNAi SlARF7 lines. Nevertheless, the levels of GAs were strongly
reduced compared with that in seeded fruits. These ﬁndings indicate that SlARF7 acts as a modiﬁer of both auxin
and gibberellin responses during tomato fruit set and development.
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Introduction
At the end of ﬂower development, the cell division activity
in the ovary stops when it has reached its mature size. After
a few days, the ﬂower will abscise unless successful
completion of pollination and fertilization occur and cell
division activity resumes (Gillaspy et al., 1993). In tomato
(Solanum lycopersicum), this period of cell division contin-
ues for 10–14 d. During the following 6–7 weeks, cell
division activity is low and fruit growth mainly depends on
cell expansion (Mapelli et al., 1978; Bu ¨nger-Kibler and
Bangerth, 1982; Gillaspy et al., 1993). At the end of this
cell-expansion period, the fruit has reached its ﬁnal size and
will start to ripen (Gillaspy et al., 1993). These changes
require tight regulation both at the level of gene activity and
translation, which is mediated by phytohormones such as
auxin and gibberellin (GA). Application of either of these
two hormones on tomato ovaries leads to the formation of
seedless (parthenocarpic) fruit, without the need for polli-
nation and fertilization (Gustafson, 1937, 1960; Wittwer
et al., 1957; Bu ¨nger-Kibler and Bangerth, 1982; Serrani
et al., 2007a). Furthermore, the auxin and GA contents in
the ovary were shown to increase upon pollination and
fertilization (Mapelli et al., 1978; Sjut and Bangerth, 1982;
Koshioka et al.,1 9 9 4 ). However, to date, the molecular
mechanisms by which these hormones regulate fruit set and
development are still poorly understood, although recent
advances have shed some light on their regulatory role.
Despite the fact that application of either auxin or GA
can trigger tomato fruit development, there are several
indications that each of these hormones has a speciﬁc role
in fruit development. Treatments of unpollinated ovaries
ª 2010 The Author(s).
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resulting in the formation of fruits with a higher number of
pericarp cells. By contrast, the pericarp of GA-induced
tomato fruits contained fewer cells but with a volume, on
average, larger than the cells of control fruits. The applica-
tion of GA together with auxin, resulted in the formation of
fruits in which the number of pericarp cells and cell size were
similar to that in seeded fruits (Bu ¨nger-Kibler and Bangerth,
1982; Serrani et al.,2 0 0 7 a), suggesting that both hormones
are required for normal fruit development. In accordance,
the expression of both auxin and GA response genes
appeared to be up-regulated within 48 h after pollination.
Interestingly, none of the auxin signalling genes seemed to be
inﬂuenced by GA treatment of unpollinated ovaries (Vriezen
et al.,2 0 0 8 ), suggesting that auxin acts prior to or in-
dependently of GA. Serrani et al. (2008) showed that auxin-
induced fruit development was signiﬁcantly reduced by the
simultaneous application of GA biosynthesis inhibitors,
suggesting that the effect of auxin is mediated by GA. This
hypothesis was supported by the transcript levels of the GA
biosynthesis genes, copalyldiphosphate synthase (SlCPS)a n d
GA 20-oxidases, SlGA20ox1, SlGA20ox2,a n dSlGA20ox3
which are all up-regulated after pollination (Rebers et al.,
1999; Serrani et al.,2 0 0 7 b), but also in auxin-treated ovaries
(Serrani et al.,2 0 0 8 ). In addition, the transcript level of
SlGA2ox2 encoding a GA inactivating GA 2-oxidase was
found to be lower, also leading to higher levels of active GA
(Serrani et al.,2 0 0 8 ). These data indicate that auxin and GA
action successively regulate tomato fruit development. In
Arabidopsis thaliana and Pisum sativum (pea), auxin may act
as an early post-pollination signal, which originates in the
ovules upon successful fertilization that, in turn, stimulates
GA biosynthesis. Subsequently, these GAs are transported to
the surrounding tissues and trigger fruit development (Ozga
and Reinecke, 2003; Dorcey et al.,2 0 0 9 ). Thus, in order to
unravel the molecular mechanisms that regulate fruit set and
development, it is important to understand the cross-talk
between these two hormones.
Previously, a functional analysis was performed of
Solanum lycopersicum AUXIN RESPONSE FACTOR 7
(SlARF7), the transcript level of which was found to be
high in the unpollinated mature tomato ovary, but de-
creased within 48 h after pollination or after auxin
application (De Jong et al., 2009b). Transgenic plants with
decreased SlARF7 mRNA levels formed parthenocarpic
fruits, indicating that SlARF7 may act as a negative
regulator of fruit set. These fruits displayed characteristics
that seemed to be the result of both increased auxin and
GA responses during fruit growth. Here, a more detailed
analysis of these transgenic lines is presented, which
establishes that SlARF7 is indeed affecting the signalling
response pathways of auxin and GA and is part of the
cross-talk between these two hormones. The silencing of
SlARF7 affected part of the auxin signalling response
pathway, and resulted in enhanced GA signalling. However,
the levels of GA were strongly reduced, suggesting that
SlARF7 also acts as a modiﬁer of the GA response during
the early stages of tomato fruit development.
Materials and methods
Plant materials and growth conditions
Tomato plants (Solanum lycopersicum L. cv. Moneymaker) were
grown on soil under standardized greenhouse conditions during
spring, with a daily temperature regime of 20–25  C (day) and
15–18  C (night). The photoperiod was extended to 16 h by low-
intensity light supplied by high-pressure sodium lamps (600 W,
Philips, http://www.philips.com).
All analyses were performed on ovaries and fruits from wild-
type and the third generation of RNAi SlARF7 lines 4 and 6,
these were the two transgenic lines which had only a fruit
phenotype (De Jong et al., 2009b). The tissues were collected at
several stages of development: unpollinated ovaries at pre-anthesis,
corresponding to the stage at which wild-type ﬂowers
were emasculated (3 d before anthesis); unpollinated ovaries at
anthesis; 3–4 mm, 5–6 mm, 7–8 mm, and 9–10 mm fruits,
corresponding to approximately 6, 8, 10, and 12 DAP, respec-
tively. Fruit size was used as a marker for developmental stage, as
fruit set in the transgenic plants was changed, making it difﬁcult to
determine the same stage of development. All collected tissues were
frozen in liquid N2 and stored at –80  C until RNA or GA
extraction.
Real-time quantitative PCR
Total RNA was extracted from the frozen tomato plant tissues
using a NucleoSpin
  RNA plant kit (Macherey-Nagel, http://
www.macherey-nagel.com) and was treated with RNase-free
DNase I (Fermentas, http://www.fermentas.com). The total DNA-
free RNA (400 ng) was used as a template for cDNA synthesis
(iScript
TM cDNA synthesis kit, Bio-Rad, http://www.bio-rad.com).
For real-time quantitative PCR, 5 ll of 25-fold diluted cDNA were
used in a 25 ll PCR reaction containing 400 nM of each primer
and 12.5 lli Q
TM SYBR Green Supermix (Bio-Rad). The PCR
reactions were performed in a 96-well iCycler (Bio-Rad), with
a temperature programme starting with 3 min at 95  C, then 40
cycles of 15 s at 95  C and 45 s at 60  C. At the end, the melting
temperature of the product was determined to verify the speciﬁcity
of the ampliﬁed fragment. The sequences of the primers (see
Supplementary Table S1 at JXB online) used for real-time
quantitative PCR were obtained from Serrani et al. (2008),
De Jong et al. (2009b), and Dr A Czerednik (Radboud Uni-
versity, http://www.ru.nl), or designed with a computer program
(Beacon Designer 5.01, Premier Biosoft International, http://
www.premierbiosoft.com).
Quantiﬁcation of gibberellins
The GAs were quantiﬁed following the protocol described in Fos
et al. (2000). In short, aliquots (2 g) of frozen material were
extracted with 80% (v/v) methanol. After removing the organic
phase, the water fraction was partitioned against ethyl acetate, and
puriﬁed by QAE-Sephadex chromatography and C18 cartridges.
Subsequently, the GAs were separated by reverse phase HPLC
chromatography (4 lmC 18 column, 15 cm long, 3.9 mm inner
diameter; NovaPak; Millipore, http://millipore.com), and appro-
priate fractions were grouped for further analysis. After methyla-
tion and trimethylsilylation, the GAs were quantiﬁed by GC-SIM,
using a gas chromatograph (model 5890; Hewlett-Packard, http://
www.hp.com) coupled to a mass-selective detector (model 5971A;
Hewlett-Packard). The concentrations of GAs in the extracts were
determined with the calibration curves methodology, using the
internal standards [17,17-
2H]GA1, [17,17-
2H]GA4, [17,17-
2H]GA8,
[17,17-
2H]GA19, [17,17-
2H]GA20, [17,17-
2H]GA29, [17,17-
2H]GA34,
[17,17-
2H]GA44, and [17,17-
2H]GA53 (purchased from Dr L Mander,
Australian National University, http://www.anu.edu.au) that were
added to the extracts.
618 | de Jong et al.Microscopy
Tissues were ﬁxed in a 2% (v/v) glutaraldehyde, 0.1 M phosphate
buffer pH 7.2 solution overnight at 4  C. Subsequently, the tissues
were dehydrated in 100% (v/v) ethanol and embedded in Spurr’s
resin (Agar Scientiﬁc, http://www.agarscientiﬁc.com). Sections of
1 lm were stained with a toluidine blue solution (0.1% in 1% borax)
and viewed under a Leitz Orthoplan microscope (Leica Micro-
systems, http://www.leica-microsystems.com). The micrographs
were made with a Leica digital camera (model DFC 420C; Leica
Microsystems), while applying shading correction with the Leica
Application Suite software (Leica Microsystems).
Quantiﬁcation methodology of cell area and number of dividing
cells
The micrographs of the pericarp were optimized for further
analysis by applying stitching and levelling in Adobe Photoshop
CS3 (Adobe, http://www.adobe.com). Subsequently, the micro-
graphs were subdivided into the inner and outer epidermal layer,
endocarp, mesocarp, and exocarp. The endocarp was deﬁned as
the inner 1 or 2 cell layers of the pericarp, excluding the inner
epidermal layer. The mesocarp included all the cell layers in
between the endocarp and exocarp. The exocarp was deﬁned as the
outer 4–6 cell layers of the pericarp, excluding the outer epidermal
layer. So-called exocarp cells in the layer closest to the mesocarp
with an area of more than 450 lm
2 were re-deﬁned as mesocarp
cells. The vascular bundles, intercellular cavities, and outer-tissue
regions were masked manually. Then, the programs ImageJ
(Rasband, 1997-2009, http://rsb.info.nih.gov/ij/) and Adobe Photo-
shop CS3 (Adobe) were used to create a binary outline of the cell
walls and cell contents to measure the morphometric features
automatically. Brieﬂy, macros, inspired by G Polder’s approach
(http://www.biometris.wur.nl) were compiled in ImageJ to carry
out routine operations, such as colour thresholding, conversion to
binary image, dilation, erosion, ﬁlling holes, and skeletonization.
The resulting raw skeleton image was superimposed over the
original image and corrected semi-automatically for edge errors
and false bifurcations using Adobe Photoshop CS3 (Adobe)
utilities. The corrected skeleton image was then reintroduced into
ImageJ and measurements on cell number and calibrated cell area
were performed (detailed information on the macros is available
on request). Recent mitotic divisions were deﬁned as the in-
complete separation of daughter cells, when the cell plate just has
reached the perimeter of the parent cell. In total, two different
regions per fruit and ﬁve fruits per line have been analysed.
Results
Microscopic analysis of early fruit development of
wild-type and transgenic fruits
A previous study showed that transgenic plants, in which
SlARF7 transcript levels were reduced by an RNA
Fig. 1. Microscopic analysis of the pericarp during early fruit development of wild-type and RNAi SlARF7 fruits. (A) Micrograph of an
unpollinated wild-type ovary at anthesis. (B) Micrograph of pollinated wild-type tomato fruit, 3–4 mm in diameter. The cells in the exocarp
are dividing, while the cells in the mesocarp and endocarp mainly expand. (C) Micrograph of the exocarp and mesocarp of a wild-type
tomato fruit, 5–6 mm in diameter. The cells in the endocarp look similar to the mesocarp cells (not shown). At this stage, cell divisions
also occur in the mesocarp. (D) Micrograph of the exocarp and mesocarp of a wild-type tomato fruit, 7–8 mm in diameter. The fruit
mainly grows through cell expansion. (E) Micrograph of the exocarp and mesocarp of a wild-type tomato fruit, 9–10 mm in diameter.
(F) Micrograph of an ovary from the RNAi SlARF7-4 line at anthesis. At this stage, there are no clear differences between wild-type and
transgenic ovaries. (G) Micrograph of a parthenocarpic fruit from the RNAi SlARF7-4 line, 3–4 mm in diameter. The cells in the mesocarp
and endocarp are already bigger compared with those in wild-type fruit. (H) Micrograph of the exocarp and mesocarp of a fruit from the
RNAi SlARF7-4 line, 5–6 mm in diameter. At this and the following two stages, the pericarp mainly grows through cell expansion of the
mesocarp cells. (I) Micrograph of the exocarp and mesocarp of a fruit from the RNAi SlARF7-4 line, 7–8 mm in diameter. (J) Micrograph
of the exocarp and mesocarp of a fruit from the RNAi SlARF7-4 line, 9–10 mm in diameter. Bars 50 lm; cw, carpel wall; o, ovules;
pl, placenta; ex, exocarp; m, mesocarp; en, endocarp.
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fruits (De Jong et al., 2009b). The characteristics of these
fruits suggest that SlARF7 is involved in the hormonal
regulatory mechanisms of both auxin and GA during the
early stages of fruit development. One of these character-
istics was the thick pericarp of the transgenic fruits
compared with the pericarp of wild-type developing fruits
of 3 cm in diameter, resulting in smaller locules. This thick
pericarp was the result of increased cell expansion, while no
obvious difference in cell number was observed (De Jong
et al., 2009b). In this study, the pericarp of both wild-type
and transgenic fruits was analysed during the early stages of
fruit development. In general, the pericarp is composed of
parenchyma cells that are differentiated into three layers:
the endocarp, mesocarp, and exocarp (Gillaspy et al., 1993).
These fruits were collected before and during the early
stages of fruit development, ranging from unpollinated
ovaries collected at anthesis to fruits that were 10 mm in
diameter (Fig. 1). At anthesis, there were no clear differ-
ences between the pericarp of wild-type and transgenic
ovaries (Fig. 1A, F), but in 3–4 mm fruits, corresponding to
6 d post anthesis (DPA), the difference in cell size between
the pollinated wild-type fruits and parthenocarpic trans-
genic fruit became visible. At this stage, the cells in the
exocarp were dividing, while most cells in the mesocarp
and endocarp had already started to expand. Nevertheless,
the cells in the mesocarp and endocarp of the transgenic
fruits were bigger compared with the cells in wild-type
fruits (Fig. 1B, G). This difference in cell size became even
more apparent during the next stages: 5–6 mm, 7–8 mm,
and 9–10 mm fruits, corresponding to approximately 8, 10,
and 12 DPA, respectively (Fig. 1C–E, H–J). Detailed
analysis of the pericarp cells from 5–6 mm fruits (Table 1)
showed that, in the transgenic fruits, the average cell area of
the exocarp cells, located at the outer 4–6 cell layers of
the pericarp, and the average cell area of the mesocarp
cells were signiﬁcantly increased compared with that of
wild-type fruits (P <0.05, Student’s t test). The analysis of
the pericarp cells from these fruits also showed that the
number of dividing cells was signiﬁcantly decreased in both
exocarp and mesocarp of the transgenic fruits, compared
with the number of dividing cells in the pericarp of wild-
type fruits (P <0.05, Student’s t test). This aspect was also
manifested by the cell division planes, visible in the
mesocarp of 3–4 mm and 5–6 mm wild-type fruits, but
absent in the mesocarp of transgenic fruits (Fig. 1B, C, G, J).
However, the fact that no difference in cell number was
observed in the later stages of fruit development (De Jong
et al., 2009b), suggests that the rate of cell division in the
RNAi SlARF7 fruits might be reduced but also that the
period in which cell division takes place is prolonged,
resulting in a similar number of cells as in wild-type fruits
at the later stages of fruit development.
The effect of SlARF7 silencing on transcript levels of cell
division- and cell expansion-related genes
To support the histological data, the ovaries and fruits
collected for microscopic analysis, were also used for total
RNA extraction to analyse the transcript levels of several
genes involved in cell division and expansion. Expression
analyses by real-time quantitative PCR showed that, in the
wild type, mRNA levels of the cell cycle genes SlCDKB2.1
and SlCyclinB1.1 increased after pollination, and subse-
quently decreased during the later stages of fruit develop-
ment, as previously described by Joube `s et al. (2000, 2001).
In the transgenic lines, however, the transcript levels of
SlCDKB2.1 were reduced (Fig. 2A). In the wild type, the
transcript levels of this gene were highest at the 3–4 mm
stage, while in the transgenic lines, transcript levels reached
their maximum at the 5–6 mm stage, but this peak was still
less than 50% of that found at a similar stage in the wild
type. Also the transcript levels of SlCyclinB1.1 were strongly
reduced in the transgenic lines, with the exception of the
levels at the pre-anthesis and anthesis stage.
In the wild type, transcript levels of cell expansion-related
genes encoding for an expansin precursor (SlEXPA5),
a pectate lyase (SlPEC), and an endo-xyloglucan transferase
(SlXTH1) increased after pollination, conﬁrming the results
of Vriezen et al. (2008), who showed that pollination
induces several genes involved in cell expansion. Moreover,
that study showed that some of these genes, like the SlPEC
and SlXTH1, are also induced by GA application. In the
transgenic lines, the relative mRNA levels of SlEXPA5 were
similar to those in the wild type. However, at the stages
from 5–10 mm, the expression of SlPEC and SlXTH1 was
much higher than in wild type (Fig. 2B).
Altogether, these expression data support the ﬁndings of the
microscopic analysis, indicating that once fruit development is
initiated in the RNAi SlARF7 lines, cell division activity
Table 1. Quantiﬁcation of cell area and number of dividing cells in the pericarp of wild-type and transgenic fruits
Wild-type and transgenic fruits, 5–6 mm in diameter, were used for the quantiﬁcation of cell area (in lm
2) and the percentage of dividing cells
in the exocarp and mesocarp. The total number of cells that has been analysed from each line is indicated (n). The data represent the
means 6standard error of ﬁve fruits. For all measurements, the differences between wild-type and transgenic lines were statistically signiﬁcant
(P <0.05, Student’s t test).
Line Exocarp Mesocarp
Mean area (mm
2) % Dividing cells Mean area (mm
2) % Dividing cells
Wild type 10566.6 (n¼1051) 7462.1 391618.8 (n¼2519) 4164.2
RNAi SlARF7-4 13164.3 (n¼842) 6164.1 9976135.4 (n¼1110) 761.2
RNAi SlARF7-6 141619.5 (n¼857) 4368.0 8106216.2 (n¼1052) 762.0
620 | de Jong et al.was de-regulated, whereas cell expansion was increased as
compared to wild type.
The effect of SlARF7 silencing on transcript levels of
auxin-related genes
It was previously reported that auxin stimulates cell
division (Bu ¨nger-Kibler and Bangerth, 1982; Serrani et al.,
2007a). Therefore, the reduced cell division activity in the
RNAi SlARF7 lines indicates that the auxin response is
also diminished, although the morphological characteristics
of the fruits, such as the heart-like shape and the formation
of pseudoembryos that were also found in fruits with
high levels of auxin (Pandolﬁni et al., 2002; Serrani et al.,
2007a), suggest the opposite. To investigate this apparent
contradiction further, transcript levels of auxin-related
genes were analysed. SlARF9, the putative orthologue of
Arabidopsis ARF9, was found by Vriezen et al. (2008) to be
up-regulated after pollination or auxin application, with an
exactly opposite expression pattern to that of SlARF7
(Fig. 3A), but was not induced by GA application (Serrani
et al., 2008; Vriezen et al., 2008). In this study, the
high SlARF9 transcript level at wild-type stage 3–4 mm
conﬁrmed that SlARF9 indeed is induced by pollination. In
the subsequent stages, its expression slowly decreased
(Fig. 3A). Interestingly, SlARF9 expression was not induced
in the growing parthenocarpic fruits of the RNAi SlARF7
lines, suggesting that the auxin signalling pathway was
not induced in these fruits. However, the expression of
SlGH3-like was strongly up-regulated in the transgenic
lines, compared with the expression in wild-type fruits
(Fig. 3A; De Jong et al., 2009b). SlGH3-like is the tomato
homologue of the Arabidopsis auxin-responsive gene
GH3.6 encoding an IAA-amido synthethase (Staswick
et al., 2005). In accordance, the expression of SlGH3-like
was also induced in unpollinated ovaries treated with
auxin (data not shown), possibly as negative feedback on
high auxin levels. These ﬁndings indicate that a part of
the auxin signalling pathway is enhanced in the RNAi
SlARF7 lines. This bifurcation in the auxin signalling
transduction was further supported by the analysis of the
transcript levels of genes encoding the Aux/IAA repressors
IAA1, IAA2, and IAA14. Previous studies have shown that
SlIAA2 and SlIAA14 are induced by pollination, and that
the expression of these genes, including SlIAA1, is induced
by auxin-application to unpollinated ovaries (Serrani et al.,
2008; Vriezen et al., 2008). Accordingly, the transcript levels
of these Aux/IAA’s were high in 3–4 mm wild-type fruits,
and subsequently decreased at the later stages of fruit
development. In the transgenic lines, the expression pattern
of IAA1 was similar to that in the wild type, whereas the
expression of IAA2 and IAA14 was strongly reduced
(Fig. 3B).
Quantiﬁcation of GA content in wild-type and transgenic
fruits
The fruits of the RNAi SlARF7 lines displayed several
characteristics that were also found in GA-induced fruits,
the most clear of which was an increase in cell expansion.
To determine if these characteristics resulted from an
increase in GA content, the concentrations of GA53,G A 44,
Fig. 2. Transcript levels of cell cycle and cell division-related genes in developing wild-type and transgenic fruits. (A) Relative mRNA
levels of cell cycle genes SlCDKB2.1 and SlCyclinB1.1 in ovaries from wild-type and RNAi SlARF7-4 and SlARF7-6 lines, collected 3 d
before anthesis, the pre-anthesis stage at which wild-type ﬂowers were emasculated (PA), at anthesis (A), and in pollinated wild-type or
parthenocarpic transgenic fruits that were 3–4 mm, 5–6 mm, 7–8 mm, and 9–10 mm in diameter. (B) Relative mRNA levels of cell
expansion genes encoding for an expansin precursor (SlEXPA5), pectate lyase (SlPEC), and an endo-xyloglucan transferase (SlXTH1).
Standard errors are indicated (n¼2).
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hydroxylation pathway, and GA9,G A 4, and GA34, GAs
from the non-13-hydroxylation pathway were quantiﬁed.
To exclude the GAs that are present in the fertilized ovules
of wild-type fruit, which are absent in the unfertilized ovules
of the parthenocarpic fruits, only pericarp tissues of 9–10
mm fruits were collected.
The pericarp of wild-type fruits contained much lower
concentrations of GA19, whereas the concentrations of
GA20,G A 29,a n dG A 1 were much higher compared with
concentrations in the pericarp of the RNAi SlARF7 fruits
(Table 2). Also, the concentrations of GA4 and GA34 were
higher in wild-type fruits compared with those in transgenic
fruits. Concentrations of GA53 and GA44, the precursors of
GA19, and concentrations of GA9, the precursor of GA4
could not be quantiﬁed in any of the samples.
The effect of SlARF7 silencing on transcript levels of
gibberellin-related genes
Although the content of bioactive GA is reduced in the
RNAi SlARF7 lines, it is possible that their phenotype is
caused by an increased GA response. The GA response is
tightly regulated by the negative feedback of GA on its own
biosynthesis (Hedden and Kamiya, 1997; Yamaguchi and
Kamiya, 2000). Therefore, the expression of GA genes,
involved in GA biosynthesis, and metabolism were ana-
lysed. The GA level is particularly limited by the last steps
of its biosynthesis. Bioactive GAs are produced by GA 20-
oxidases that convert GA12 and GA53 to GA9 and GA20,
respectively, the precursors of the bioactive forms (Hedden
and Phillips, 2000). Subsequently GA9 and GA20 are
converted to GA1 and GA4 by 3b-hydroxylation. In wild-
type plants, the transcript levels of SlGA20ox1,aGA 20-
oxidase gene, strongly increased after pollination, but not in
developing unpollinated fruits of the RNAi SlARF7 lines
(Fig. 4A), corresponding to the reduced concentration of
active GA in the latter. Notwithstanding, the expression
pattern of the SlGA3ox1 gene, encoding a 3b-hydroxylase,
was similar in both wild-type and transgenic lines.
The content of active GA is not only controlled at the
level of biosynthesis, but also by inactivation. This step is
executed by GA 2-oxidases, that convert the active GA4 and
GA1 to the inactive GA34 and GA8, respectively, and which
Fig. 3. Transcript levels of auxin-related genes in developing wild-type and transgenic fruits. (A) Relative mRNA levels of SlARF7,
SlARF9, and SlGH3-like in ovaries and fruits collected from wild-type and RNAi SlARF7-4 and SlARF7-6 lines. (B) Relative mRNA levels of
Aux/IAA genes SlIAA1, SlIAA2, and SlIAA14. Standard errors are indicated (n¼2).
Table 2. Quantiﬁcation of the gibberellin content of the pericarp from wild-type and transgenic fruits
Gibberellin (GA) content (ng g
 1 fresh weight) of the pericarp from pollinated wild-type fruits and parthenocarpic RNAi SlARF7 fruits, 9–10 mm
in diameter. Data for GA9,G A 44, and GA53 are not included because they could not be quantiﬁed in any of the samples. The data represent the
means 6standard error of two or three biological replicates.
Line GA19 GA20 GA29 GA1 GA8 GA4 GA34
Wild type <0.05 2.8860.30 3.2660.11 1.5060.02 1.7760.04 1.2060.13 1.4660.13
RNAi SlARF7-4 0.5060.05 0.1360.02 0.3160.03 0.4360.15 <0.05 0.1260.01 0.3260.04
RNAi SlARF7-6 0.4660.04 0.2760.04 0.3560.04 0.6060.10 <0.05 <0.05 0.4060.05
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GAs (Sponsel and Hedden, 2004). Figure 4B shows that
during fruit development the mRNA levels of SlGA2ox2
and -4, encoding GA 2-oxidases, were lower in the
transgenic lines than in young wild-type fruits, suggesting
a reduced feedback regulation by GAs, in this case
corresponding to the reduced GA concentration in trans-
genic fruits.
In addition, the expressions of two GA-response genes
that are not related to GA biosynthesis were analysed;
SlGID1, a putative GA receptor in tomato (Ueguchi-Tanaka
et al.,2 0 0 7 )a n dSlGAST1 (Shi et al.,1 9 9 2 ), both induced in
wild-type plants by GAs (Serrani et al.,2 0 0 8 ). The pattern of
the GID1 mRNA levels, decreasing after anthesis and during
fruit development, was comparable between wild-type and
transgenic plants. However, the activity of the GAST1 gene
was signiﬁcantly higher in the SlARF7 silenced plants
(Fig. 4C).
In all, these ﬁndings suggest that the silencing of SlARF7
not only induced part of the auxin response pathway, but
also part of that of GA.
Discussion
Successful completion of the fruit developmental pro-
gramme depends on the action of phytohormones such as
auxin and GA. These hormones are considered to play an
important role in the initiation of fruit development, and in
the co-ordination of cell division and expansion during the
early stages of this process (Gillaspy et al., 1993). However,
fruit set is not only regulated by positive growth factors, but
also by negative regulators (Vivian-Smith et al., 2001). One
of these regulators is Solanum lycopersicum AUXIN
RESPONSE FACTOR 7 (SlARF7), as our previous work
demonstrated that transgenic tomato plants with decreased
SlARF7 mRNA levels produced seedless (parthenocarpic)
fruits (De Jong et al., 2009b). The morphological character-
istics of these fruits, such as the heart-like shape, the
presence of pseudoembryos, the thick pericarp, and the
empty locules, seemed to be the result of both increased
auxin and GA responses during fruit growth. Here,
a more detailed analysis of these SlARF7 RNA interference
(RNAi) lines is described. This analysis provides more
insight into the role of SlARF7 as a modulator of tomato
fruit development, and its putative function in the regula-
tion of the auxin and GA signalling response pathways in
the fruit.
Fruit morphology
One of the characteristics of the parthenocarpic transgenic
fruits was the thick pericarp compared with that of wild-
type fruits, caused by an increase in cell expansion (De Jong
et al., 2009b), particularly in the mesocarp and endocarp. In
general, the cells in the exocarp are smaller than the
mesocarp and endocarp cells, because this is the tissue in
which new cell layers arise due to periclinal cell divisions. In
the wild type, these divisions are completed within 5 DPA,
while random orientated cell divisions occur in the pericarp
up to 20 DPA (Cheniclet et al., 2005). However, analysis of
young fruits demonstrated that, in the transgenic lines, the
number of cell divisions was strongly reduced. This re-
duction in cell division activity was conﬁrmed by the
decreased transcript levels of the cell cycle-related genes
CDKB2.1 and CyclinB1.1. Interestingly, the parthenocarpic
fruit development of the tomato mutant pat, seemed to be
initiated by the precocious onset of cell divisions in the
pericarp (Mapelli et al., 1978; Mazzucato et al., 1998).
Similarly, in the pat3/pat4 mutant, the expression of cell
cycle-related genes was not reduced at the stage of anthesis
(Pascual et al., 2009). Also in the parthenocarpic transgenic
lines in which the negative auxin response regulator SlIAA9
was down-regulated using an antisense approach, cell cycle-
related genes were already activated at anthesis, indepen-
dent of pollination and fertilization (Wang et al., 2009).
However, transgenic lines in which SlDELLA, a repressor
of GA signalling, was silenced using the antisense approach,
formed parthenocarpic fruits in which the number of cell
divisions was decreased and cell size was increased (Martı ´
et al., 2007), as in the RNAi SlARF7 fruits. Based on these
Fig. 4. Transcript levels of gibberellin-related genes in developing
wild-type and transgenic fruits. (A) Relative mRNA levels of
GA-biosynthesis genes SlGA20ox1 and SlGA3ox1 in ovaries and
fruits collected from wild-type and RNAi SlARF7-4 and SlARF7-6
lines. (B) Relative mRNA levels of GA-inactivating genes SlGA2ox2
and SlGA2ox4. (C) Relative mRNA levels of GA-signalling genes
SlGID1 and SlGAST1. Standard errors are indicated (n¼2).
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SlDELLA in early fruit development, suggesting that, in
the parthenocarpic transgenic lines, the phase of auxin-
regulated cell division was bypassed and fruit growth
mainly depended on cell expansion. Furthermore, the
locular tissue in fruits of both RNAi SlARF7 and antisense
SlDELLA lines barely developed, which might be due to
a reduced cell division activity as well. These ﬁndings are
similar to those of Bu ¨nger-Kibler and Bangerth (1982) and
Serrani et al. (2007a), who showed that the pericarp of GA-
induced tomato fruits contained fewer cells but with a larger
volume than the cells of seeded fruits, and that no jelly was
formed resulting in empty locules. Vriezen et al. (2008)
compared the gene expression proﬁles of pollinated ovaries
and GA-treated ovaries. The cell cycle-associated genes
were more strongly induced by pollination than by GA
treatment, while most genes involved in cell expansion were
induced by both pollination and GA treatment. However,
some of these genes, such as SlEXPA5, appeared to be more
highly expressed after pollination than after GA applica-
tion, whereas other genes, such as SlPEC and SlXTH1,h a d
a higher level of expression after GA application (Vriezen
et al., 2008). Interestingly, in the RNAi SlARF7 lines, the
expression levels of SlPEC and SlXTH1 were higher during
early fruit development than in the wild type, while
transcript levels of SlEXPA5 were similar to those in the
wild type, also indicating the presence of a strong GA
signal.
Hence, both morphological and molecular analyses dis-
played similarities between GA-induced fruits, fruits of the
antisense SlDELLA lines and fruits formed by the RNAi
SlARF7 lines, supporting the hypothesis that in the RNAi
SlARF7 fruits, the GA response is increased (De Jong et al.,
2009b), and that normally SlARF7 moderates the GA
response during the early stages of fruit development.
Hormone biosynthesis and signalling
In addition to the GA-related phenotype, the fruits formed
by the RNAi SlARF7 lines also displayed features that
might be related to high levels of auxin, such as the heart-
like shape, which was also found in other transgenic fruits
with high auxin levels (Pandolﬁni et al., 2002), and the
formation of seed-like structures that resemble the pseu-
doembryos found in auxin-induced fruit (Asahira et al.,
1967; Serrani et al., 2007a). Moreover, the auxin-related
phenotype of the RNAi SlARF7 fruits was supported by the
increased expression of the auxin-inducible GH3-like
(De Jong et al.,2 0 0 9 b). Nevertheless, the expression of
several other auxin signalling-related genes, such as SlARF9,
SlIAA2, and SlIAA14, known to be induced by pollination
or auxin application (Serrani et al., 2008; Vriezen et al.,
2008), were not induced in fruits of the RNAi SlARF7 lines.
This implies that the auxin content within the parthenocar-
pic fruit did not increase during early development as it
normally does after pollination and fertilization (Mapelli
et al., 1978; Sjut and Bangerth, 1982), although the
increased expression of the GH3-like gene would suggest
otherwise. Interestingly, the transcript levels of the auxin-
inducible SlIAA1 did increase during the early stages of
parthenocarpic fruit development. These levels were similar
to those found in wild-type fruits, just like the transcript
levels of SlIAA9 (data not shown). These results suggest
that SlARF7 may regulate only part of the auxin signalling
pathway involved in tomato fruit set and development, and
that the expression of other auxin-related genes, such as
SlARF9, SlIAA2,a n dSlIAA14, requires pollination and
fertilization signals to be activated, as previously suggested
by Pascual et al. (2009).
Successful completion of pollination and fertilization not
only induces an increase in auxin content, but also causes
the GA content to increase rapidly during the ﬁrst 10 DPA
(Mapelli et al., 1978; Koshioka et al., 1994; Serrani et al.,
2008). The phenotypic similarities between GA-induced
fruits and RNAi SlARF7 fruits suggest that the GA content
in the transgenic fruit could be higher compared with that
in wild-type fruit. However, the GA content of the trans-
genic fruits was actually lower than in the wild type, except
for GA19, the concentrations of which appeared to be
higher in both transgenic lines. These results suggest that
GA19 could not be converted to GA20 due to the reduced
expression of SlGA20ox1. The reduction of SlGA20ox1
expression in the RNAi SlARF7 fruits could be the result of
feedback regulation, when the GA-related phenotype of the
transgenic fruits might not be due to increased GA bio-
synthesis, but due to increased GA signalling. Also in
parthenocarpic antisense SlDELLA fruits, SlGA20ox
mRNA levels were strongly reduced (Martı ´ et al., 2007).
However, if the reduction of SlGA20ox1 expression in the
RNAi SlARF7 lines was the result of feedback regulation,
one would also expect feedback-related expression of
SlGA3ox1, SlGA2ox2, SlGA2ox4, and SlGID1, unless the
feedback mechanism of the GA 20-oxidase genes is differ-
ently regulated. Alternatively, the SlGA20ox1 gene may be
part of the auxin signalling pathway that requires pollina-
tion and fertilization to be activated, corresponding to the
data of Serrani et al. (2008) who showed that the expression
of SlGA20ox1 depends on auxin. The GA-related pheno-
type together with the increased expression of the GA-
response gene SlGAST1 in both transgenic lines shows
that, with the silencing of SlARF7,p a r to ft h eG A
signalling is enhanced. These ﬁndings indicate that
SlARF7 not only acts as a modulator of the auxin
response, but also as a modulator of the GA response.
Normally, SlARF7 transcript levels are reduced after
pollination and fertilization (Vriezen et al., 2008; De
Jong et al., 2009b). Reduction of SlARF7 transcript
levels by an RNAi approach may release the repression
of the auxin and GA signalling pathways that are
imposed by SlARF7 independently of pollination and
fertilization, resulting in the partial activation of these
pathways and thus in parthenocarpic fruit growth. Hence,
the fertilization-dependent step of the auxin signalling
transduction pathway may be bypassed, which might be
necessary to initiate cell division activity and stimulate
GA biosynthesis (Fig. 5).
624 | de Jong et al.The work presented here contributes to the understand-
ing of the cross-talk between the signalling pathways of
auxin and GA in early fruit development. Recent studies
(Vriezen et al., 2008; Pascual et al., 2009; Wang et al., 2009;
Xiao et al., 2009) have shown that the hormones ethylene
and abscisic acid also play an important role in the
regulation of tomato fruit set and development, demon-
strating the complexity of the network that regulates these
processes. The analysis of differences in gene expression
between seeded fruits and parthenocarpic fruits from
mutant or transgenic lines already has provided new
insights into this regulatory network, but further work will
be necessary to understand the precise relationship between
these different plant hormones.
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